Abstract. This paper is focused on a probabilistic design of the honeycomb structure which is a constituent unit of satellite. The design is considering launching and space environments by kriging metamodel. The proposed methodology using the kriging metamodel is conducted by stochastic step-moving method (SSMM) as the criterion of a sequential approximate optimization to satisfy the global optimum value based on the local optimum value. Also, Design of Experiments (DOE) is used to reduce computation costs. The honeycomb structure is analyzed for reliability. For the optimal design, constraints are taken for natural frequency and several stresses that should be considered on the satellite platform in launching situations. Thermal effects of space environments and wrinkling are also considered since a structural sandwich is often poor at carrying in-plane compressive loads and may be inflicted with instability and thermal effect.
Introduction
As recent engineering design problems become more complex, approximate methods such as Kriging metamodels are used extensively in engineering applications for a variety of tasks because of the flexibility to approximate many different and complex response functions [1, 2] . This paper typically proposes central composite design (CCD) as the classical experimental designs and uniform design (UD) which is developed by Wang and Fang as space filling experimental designs [3] . Moreover, the sequential approximate procedures by stochastic step-moving method (SSMM) may provide the global optimum based on the local optimum value.
The present study demonstrates to move more probabilistic ranges of design variables which can include more accurate optimum results since the global design domain can be reduced to the local design domain. The SSMM is conducted by the stochastic processes such as Chebyshev Inequality, probability of success that simultaneously satisfies all constraints. This research shows that the proposed strategies are efficient in the optimization of the honeycomb structure (a constituent unit of satellite) considering launching and space environments.
Kriging Metamodel
The Kriging model is expressed as the combination of a regression model and departures as follows.
Where Y (x) is the unknown function of interest, F(x) is a known regression model and Z(x) is a model of a Gaussian and stationary random process with mean zero and variance 2 σ . While F(x) globally approximates the design space, Z(x) creates localized deviations so that the Kriging model interpolates the n sampled data points. The covariance matrix of Z(x) is given by:
Where R is the correlation matrix and R(x i , x j ) is the correlation function between any two of the n sampled data points x i and x j . R is a (n×n) symmetric matrix with diagonal elements equal to 1.0.
The correlation function R( x i , x j ) is specified by the user. The predicted estimates, Y ∧ (x) of the response Y (x) at the untried values of x are given by:
Where Y is the column vector of length n which contains the response at each sample point and F is a column vector of length n which has elements equal to 1.0, when F(x) is taken as a constant. In Eq. 3, T r (x) is the correlation vector of length ns between an untried x and the sampled data points 1 2 [x , x ,...., x ] s n . In Eq. 3, β ∧ is estimated using least squares regression in Eq. 4.
The estimate of the variance is given by:
The maximum likelihood estimates (MLE), for k θ is found from:
Minimize:
Where both 2 σ and R are functions of k θ . This forms a n-dimensional unconstrained non-linear sub-optimization problem which needs to be solved to fit the Kriging model. In this research, k θ in Eq.
6 is optimized by simulated annealing (SA) that is a global optimization method to distinguish between different local optima.
Stochastic Step-Moving Method (SSMM)
A new idea in the present approach is devised for this study. If the feasibility of a range of design variables is verified, more feasible regions for their constraints and closed optimum value can be explored by probabilistic method when the current local domain move toward the new domain which contains the expected global optimum value. Design iteration process is reduced and optimization results are improved because the design domain can be converged rapidly to the new domain. The kriging metamodel is built using the previously selected sample points by DOE, and 10,000 design points are also selected in current design domain with following the uniform distribution. At once, objective values about all design points are estimated by kriging metamodel. Among these 10,000 points, the probability that the points satisfy all imposed constraints and simultaneously lower objective values are called "probability of success (POS)". The means and standard deviations of all design variables in these POS" can be calculated and the design domain for each of design variables is moved by stochastic process using Chebyshev Inequality as shown below Eq. 7.
Where x is a random variable with a finite mean m and a finite standard deviation σ then for all positive ε . Consequently, the domain of design variables can reach near to the new domain which contains the expected global optimum value.
Optimization of Honeycomb Structure
In solving real engineering design problems, the capability of the present improved algorithms that are used in this research is demonstrated by the honeycomb structure, a constituent unit of satellite, considering a natural frequency, several stresses (for the design of satellite platform in launching situation), thermal effects of space environments, and some type of wrinkling and crimping as several constraints for reliability. The Fig.1 is the optimized platform in satellite structure, and as shown in Fig. 2 , it is three-ply honeycomb (facesheet/core/ facesheet). Kriging as approxiamate algorithm is used in optimal design and ANSYS is used as finite element analysis tools. Honeycomb plate is subject to the gravitational loads of axially 10g and laterally 3.5g in X direction for static analysis. Normal mode analysis is performed to obtain dynamic responses. The facesheet of honeycomb platform is made of aluminum 2024-T3 and the core is aluminum (1/8-5056) of which specific weight is 3.1 pcf. In honeycomb satellite platform's optimization, design variables are facesheet thickness (T f ) and core thickness (T c ) as shown in Fig. 3 . The optimization formulation of the honeycomb satellite platform is expressed as Where NE, NL are the number of element in Eq. 8 (two facesheet and one core), i γ , i A , ij t denote specific weight, area of ith element, and thickness of jth-ply of ith element, respectively. Constraint equations 9-11 represent constraints about equivalent stress in facesheet, the shear stress of XZ direction in core, and shear stress of YZ direction in core, respectively. Constraint about natural frequency is written in Eq. 12. Lower limit of natural frequency is 75Hz. The expressions for face wrinkling FW σ and face shear crimping SC F in the honeycomb platform of a satellite can be written as Eqs. 18-19:
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Where T f is the thickness of the face sheet and T c is the thickness of the core as shown in Fig. 2 . E f and E c are elastic modulus of the face sheet and core, receptively. G c denote shear modulus of core. Eqs. 13-14 explain constraints for face wrinkling and face shear crimping. The following constraint, Eq.15, demonstrates thermal effects of space environments. Allowable temperature of the quality of the satellite substance and equipment should be considered because of the deformation of satellite substance like distortion by the thermal unbalance. Side constraints of design variables are Eq. 16 and 17. The design variables are thicknesses of facesheets and core. Values of constraint bounds can be referred in Table 1 . 
Results and Discussion
Optimization results by Kriging metamodel are obtained after 9 iterations. Objective function (weight) 92.13 kg in the initial design is decreased by 44.62 kg to 47.51 kg at the optimum design using central composite design (CCD) and by 44.47 kg to 47.66 kg at the optimum design uniform design (UD). In both design of experiments (DOE), natural frequency 82.42 Hz in the initial design is decreased to 75.00 Hz. Design variables for the components between the initial and optimal design are listed in Table 2 . The error is difference between the exact value by FEM and the estimated value by kriging metamodel. As the errors are less than 1%, the results by our kriging algorithm are established on reliability. In our results, the numerical difference between CCD and UD is 0.15kg. 
Conclusions
Optimization of the honeycomb satellite platform is performed by present Kriging metamodel. For optimization, Kriging is combined with finite element analysis code (ANSYS). Design variables are thicknesses of facesheets and core in the honeycomb. Constraints are taken for static and dynamic responses, such as shear stresses and natural frequency. It is known that natural frequency is most active through design optimization process. The optimization by the present Kringing metamodel is successfully applied to the design of a honeycomb sandwich structure (one of the practical engineering problems). In this paper, with the aim to reduce the computation cost for computation intensive design problems, current Kriging metamodel can be effectively used in engineering design problems.
